Reservoirs are an important nitrogen sink as a result of their retention effect, but their retention performance may vary with hydrologic conditions with time-varying characteristics, which also change them from being a sink to source over time. This study uses a coupled modelling system (Soil and Water Assessment Tool (SWAT) and a two-dimensional hydrodynamic and water quality model (CE-QUAL-W2) to analyze the nitrogen retention effect and influential factors at annual, monthly, and daily scales in Shanmei Reservoir in southeast China. The results showed that there was a positive retention effect of total nitrogen (TN), nitrate-nitrogen (NO 3 -N) and ammonia nitrogen (NH 4 -N) in most years, with average retention rates up to 12.7%, 7.83% and 26.17%, respectively. The reservoir serves mainly as a nitrogen sink at an annual scale. The monthly retention performances of TN and NO 3 -N were observed during the wet season (April-October) with higher water temperature and lower velocity, while a release effect occurred during the dry season (November-March). For NH 4 -N, which is prone to nitrification, the retention effect lasted longer, from May to December. The daily nitrogen retention process changed more dramatically, with the retention rate varying from −292.49 to 58.17%. During the period of dispatch, the regulated discharge was the primary factor of daily retention performance, while the hydraulic residence time, velocity and water level were all significantly correlated with nitrogen retention during the period without dispatch.
Introduction
A large number of water conservation projects have been instigated worldwide to retain river water behind dams, and these have significantly changed hydrological characteristics, physical transformations, nutrient transfers, and transport flux of rivers [1, 2] . Nutrients in reservoirs are primarily removed from water by certain processes that include sediment burial, temporary storage in biomass, and denitrification [3] [4] [5] . This may reduce the amounts of nutrients transported downstream. Nitrogen is the material basis of the biogeochemical cycle and the main element of eutrophication. The impacts of reservoirs on nitrogen retention within watersheds may include the reduction of the nitrogen transported downstream and the slowing of the trend of eutrophication in estuarine waters [6] . Estimating the nitrogen retention effect in a reservoir is of great importance for controlling eutrophication and improving the aquatic environment.
The Shanmei Reservoir has a surface area of 26 km 2 , with a length of 12 km, a maximum width of 7 km, and a maximum depth of 50 m ( Figure 2) . The reservoir has a total storage capacity of 6.55 × 10 8 m 3 and an effective storage of 4.72 × 10 8 m 3 , with the normal high-water level reaching 96.48 m. The mean annual precipitation is 1600 mm, but there is great inter-annual variability. The precipitation in the dry years is less than half of that in the wet years. The seasonal variations within the year are also very distinct due to the subtropical monsoon climate, with precipitation in the wet season (April-October) accounting for 84% of the whole year, while that in the dry season (November-March) only accounts for 16%.
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Coupled Modeling System
In our previous study, we conducted a coupled watershed-reservoir modeling system consisting of a watershed distributed model (SWAT) and a two-dimensional laterally averaged water quality model (CE-QUAL-W2) [21] . The watershed model (SWAT) is a dynamic, semi-distributed, and physically-based model. It was first developed by the USDA Agricultural Research Service (ARS) to simulate hydrological processes in uplands and streams and generates quantitative information regarding water yield, sediment yield, and nutrient loadings [22] [23] [24] . The spatial data used in SWAT include a digital elevation model (DEM), the land cover and soil maps. The topography is represented by a 30 × 30 m elevation raster, which was obtained from the International Scientific Data Platform of The mean annual precipitation is 1600 mm, but there is great inter-annual variability. The precipitation in the dry years is less than half of that in the wet years. The seasonal variations within the year are also very distinct due to the subtropical monsoon climate, with precipitation in the wet season (April-October) accounting for 84% of the whole year, while that in the dry season (November-March) only accounts for 16%. 
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In our previous study, we conducted a coupled watershed-reservoir modeling system consisting of a watershed distributed model (SWAT) and a two-dimensional laterally averaged water quality model (CE-QUAL-W2) [21] . The watershed model (SWAT) is a dynamic, semi-distributed, and physically-based model. It was first developed by the USDA Agricultural Research Service (ARS) to simulate hydrological processes in uplands and streams and generates quantitative information regarding water yield, sediment yield, and nutrient loadings [22] [23] [24] . The spatial data used in SWAT include a digital elevation model (DEM), the land cover and soil maps. The topography is represented by a 30 × 30 m elevation raster, which was obtained from the International Scientific Data Platform of the Chinese Academy of Sciences (http://datamiffor.csdb.cn/admin/datademMain/jsp). The soil information map (1:500,000) from the Soil Fertilizer Laboratory of Fujian Province was used to identify ten soil types in the watershed. The land cover data of 2006 was obtained from an interpretation of the Landsat Thematic Mapper (TM) remote-sensing images, which were classified into eight types including rice, rainfed cropland, forest, orchard, grassland, medium density residential, water body and bare land. In addition, the daily precipitation and climate data for 1990-2010 were obtained from 16 precipitation stations and two weather stations. In the study, the Shanmei Reservoir watershed was divided into 38 sub-basins and 297 hydrology response units (HRUs), shown in Figure 1 .
The characteristics of the hydrological and thermal properties and of the biogeochemical processes in the Shanmei Reservoir were simulated using a two-dimensional (longitudinal/vertical) hydrodynamics and water quality model named CE-QUAL-W2, which was developed by the US Army Corps of Engineers and has been applied widely [25] [26] [27] . In this study, Shanmei Reservoir was divided into two branches, with a total of 18 segments, covering the area of sub-basins 36, 37, and 38 in the SWAT model. The main body of the reservoir from Masi County to the Shanmei Dam section was designated Branch 1, with a length of 9.6 km and consisting of 11 segments (2 to 12). The other riverine section, from Jiudu Town to the middle of the reservoir, was designated Branch 2, with a length of 2.4 km and consisting of 3 segments (15 to 17) ( Figure 2a ). There are 28-38 computational vertical layers, each 1.5 m thick, resulting in 463 grids in total ( Figure 2b ). The orientation of each segment relative to geographic north was determined based on the average stream centerline in that segment.
To couple the two models, the daily flows and nitrogen concentrations from sub-basins 36 and 37 simulated by SWAT served as the inflow boundary conditions of Branch 1 and 2 for the CE-QUAL-W2 model. The overland flow from sub-basins 36, 37, and 38 simulated by SWAT were adopted as evenly distributed tributary inflows into the reservoir. The associated concentrations of water constituents were also used as inputs.
We evaluated the performance of the daily runoff simulated by SWAT using a five-year period (2001-2005) for calibration and another five-year period (2006-2010) for validation. Due to the issue of data availability, sediment calibration was based on data during the period from 1995 to 1997. Daily water quality data were used for calibration over a two-year period (2008-2009) and for validation over a one-year period (2010). As shown in Table 1 , the simulated runoff performed well with a Nash-Sutcliffe efficiency (E NS ) of 0.88 for calibration and 0.87 for the validation period. The daily and monthly E NS values of the sediment were 0.58 and 0.77, respectively, which are acceptable for this modeling accuracy. On the basis of the SWAT simulation, we calibrated CE-QUAL-W2. The absolute mean error (AME) and root mean square error (RMSE) of water level, temperature, dissolved oxygen (DO), NO 3 -N, TN, and NH 4 -N were rather small, and the normalized objective function (NOF) was always between zero and one, which is still within the range of acceptable accuracy. Therefore, the coupled model reasonably reflected the hydrodynamic processes and water quality in the Shanmei Reservoir and its watershed. Specific calibration details of the coupled model were given in [21] . Table 1 . Calibration and validation results of the hydrological and water quality indexes for the Soil and Water Assessment Tool (SWAT) model and the two-dimensional hydrodynamic and water quality model (CE-QUAL-W2).
Index
ENS AME RMSE NOF The E NS values of daily runoff and sediment were applied to evaluate the performance of SWAT model; the absolute mean error (AME), root mean square error (RMSE) and normalized objective function (NOF) of water level, water temperature, DO, NO 3 -N, TN and NH 4 -N were calculated to assess the performance of CE-QUAL-W2 model.
Calibration Validation Calibration Validation Calibration Validation Calibration Validation
Runoff (m 3 ·s −1 ) 0.88 0.87 - - - - - - Sediment (t) 0.58 0.51 - - - - - - Water level (m) - - 0.
Nitrogen Retention Calculation and Influential Factor Analysis
Applying the coupled modeling system, the daily runoff and TN concentrations of inlet and outlet segments of the reservoir were simulated during the period 1991-2010. Based on the calculation of input and output nitrogen flux at annual, monthly, and daily time scales, the nitrogen retention effect in the reservoir was evaluated using the nitrogen retention flux (N ret ) and nitrogen retention rate (R N ) using the following equations [13] :
where N in is that portion of the nitrogen flux simulated as entering the reservoir daily (t N·day −1 ) and N out is the portion of the nitrogen flux simulated as exiting the reservoir daily (t N·day −1 ). Here, Q i is the instantaneous flow of the reservoir (m 3 ·s −1 ), C i is the simulated nitrogen concentration (mg·L −1 ), and n is the number of days with concentration and flow data (d). When the values of N ret and R N were positive, a retention effect of nitrogen in the reservoir was shown; otherwise, the negative values showed a release effect. Nitrogen retention performance is determined by a number of factors, including hydrological and hydrodynamic conditions (inflow runoff, hydraulic residence time (HRT), velocity, and water level), nitrogen load, and water temperature in some studies, mostly using continuous monitoring data [9, 28, 29] . However, it is not feasible to conduct the analysis of the nitrogen retention effect and influential factors at multiple time scales due to the lack of long-term data in the area, while the coupled use of the upland watershed hydrological model (SWAT) and downstream waterbodies model (CE-QUAL-W2) was able to overcome the disadvantages mentioned above. Based on the coupled modeling system, our previous studies have found that the nitrogen load of Shanmei Reservoir is significantly related to rainfall and runoff from the upland watershed [21] . The TN retention effect in the reservoir was determined to be positive in the wet season and negative in the dry season, while the influential factors were not quantitatively analyzed, and neither was the retention effect of other nitrogen forms. Therefore, this study was focused on the analysis of the hydrological and hydrodynamic conditions of the reservoir, and six factors were selected as the subjects of interest: inflow runoff (m 3 ·s −1 ), regulated discharge difference (m 3 ·s −1 ), hydraulic residence time (s), velocity (m·s −1 ), temperature ( • C), and water level (m) at annual, monthly, and daily scales. Here, the inflow runoff and velocity came from the values simulated by the coupled model system. The outflow, temperature, and water level came from data measured in the reservoir. The hydraulic residence time was calculated here as the reservoir volume divided by the outflow, the reservoir volume was calculated with the water level-volume relationship, and the regulated discharge difference is the difference between the inflow and the outflow. Due to the reservoir management, the hydrodynamic conditions with or without regulation may have different influences on the nitrogen retention effect. Therefore, the nitrogen retention effect under reservoir regulation was determined based on the temporal variations of the regulated discharge difference. Here, we divided the daily regulation into two cases, dispatching and non-dispatching, according to the existing time series of regulated discharge differences and real regulation records. Based on the amount of statistical data and the actual conditions of reservoir regulation, the absolute value of discharge difference less than 2 m 3 ·s −1 during 1991-2010 is defined as a non-dispatch case. Other difference (i.e., higher than 2 m 3 ·s −1 ) conditions were treated as dispatch cases.
Furthermore, we calculated the correlation between each factor and the retention flux and retention rate at annual, monthly, and daily time scales with or without dispatch by multivariate linear correlation analysis to determine the time-scale differences of the retention characteristics and influencing factors of different forms of nitrogen nutrients (TN, NO 3 -N, and NH 4 -N) in the reservoir.
Results

Nitrogen Retention Effect at Multiple Time Scales
Annual Retention Effect
Influenced by the subtropical monsoon climate and reservoir operation, the inflow and outflow discharge of Shanmei Reservoir showed significant interannual variation. The mean annual inflow was estimated to be from 25.5 to 62.1 m 3 ·s −1 , while the mean annual outflow was estimated to be from 22.89 to 61.58 m 3 ·s −1 . As shown in Figure 3a 
Monthly Retention Effect on Nitrogen Concentration
The monthly inflow of the reservoir, expressed as watershed water yield, was variable, varying from 12.4 to 92.62 m 3 ·s −1 . As shown in Figure 4a , the fluctuation of outflow discharge was gentler, ranging from 23.39 to 59.25 m 3 ·s −1 , and the discharge difference varied in the range −11.54 to 33.37 m 3 ·s −1 . It appeared that due to the regulation, the outflow was lower than inflow during the wet season (April-October) to contain the flood, while it was higher during the dry season (November-March) to maintain the downstream water supply. The trend of the change in the inflow was in accordance with the discharge difference, with the two reaching their peak values in June and August, respectively.
Seasonal fluctuation in nitrogen retention was also noted in Shanmei Reservoir. As shown in Figure 4c ,d, TN and NO3-N exhibited a retention effect mostly during the wet season. The highest values of TN and NO3-N retention flux and retention rates occurred in August (83.94 and 81.56 t; 32.41 and 30.54%, respectively), which was consistent with other studies [28] . In contrast, the release effect occurred during the dry season (November-March), whereas the least-negative values of retention flux and rates occurred in January (−83.94 and −81.56 t; −81.56 and −100.92%, respectively). In the case of NH4-N, a release effect was present in January, March, and April, and a retention effect 
Seasonal fluctuation in nitrogen retention was also noted in Shanmei Reservoir. As shown in Figure 4c ,d, TN and NO 3 -N exhibited a retention effect mostly during the wet season. The highest values of TN and NO 3 -N retention flux and retention rates occurred in August (83.94 and 81.56 t; 32.41 and 30.54%, respectively), which was consistent with other studies [28] . In contrast, the release effect occurred during the dry season (November-March), whereas the least-negative values of retention flux and rates occurred in January (−83.94 and −81.56 t; −81.56 and −100.92%, respectively). In the case of NH 4 -N, a release effect was present in January, March, and April, and a retention effect occurred in other months. The greatest amount (15.52 t) of NH 4 -N retention flux occurred in August, with retention rates up to 40.48%, whereas the highest values of release flux occurred in April, with a net export flux of 4.61 t, accounting for 60.35% of the total incoming load. This also showed the reservoir in its roles as a sink and source for NH 4 -N over the course of the year. occurred in other months. The greatest amount (15.52 t) of NH4-N retention flux occurred in August, with retention rates up to 40.48%, whereas the highest values of release flux occurred in April, with a net export flux of 4.61 t, accounting for 60.35% of the total incoming load. This also showed the reservoir in its roles as a sink and source for NH4-N over the course of the year. 
Daily Retention Effect
The daily inflow fluctuates more remarkably, ranging from 11.2 to 167.47 m 3 ·s −1 . The outflow fluctuates less intensely due to flow regulation in the range 16.35 to 70.5 m 3 ·s −1 , and the fluctuations in the nitrogen flux tend to be smoother. According to Figure 5a , during the wet season, the reservoir was in a state of impoundment due to the greater inflow than outflow. The daily retention flux processes of TN and NO3-N resulted in a retention effect in the wet season, with the values of TN flux ranging from −1.6 to 21.87 t and NO3-N ranging from −0.6 to 13.88 t (Figure 5c ). The retention rates fluctuated much more dramatically, with the values of TN changing from −66.43 to 40.02% and NO3-N changing from −76.49 to 36.51% (Figure 5d ). In contrast, the output flux was greater than the input flux during the dry season. This induced release effects for TN and NO3-N, with values of at least −192.56 and −198.29%, respectively. For NH4-N, the characteristics of the retention effect varied more dramatically, with retention rates ranging from −242.22 to 58.17%, while the retention flux varied from 0.42 to 1.48 t. 
The daily inflow fluctuates more remarkably, ranging from 11.2 to 167.47 m 3 ·s −1 . The outflow fluctuates less intensely due to flow regulation in the range 16.35 to 70.5 m 3 ·s −1 , and the fluctuations in the nitrogen flux tend to be smoother. According to Figure 5a , during the wet season, the reservoir was in a state of impoundment due to the greater inflow than outflow. The daily retention flux processes of TN and NO 3 -N resulted in a retention effect in the wet season, with the values of TN flux ranging from −1.6 to 21.87 t and NO 3 -N ranging from −0.6 to 13.88 t (Figure 5c ). The retention rates fluctuated much more dramatically, with the values of TN changing from −66.43 to 40.02% and NO 3 -N changing from −76.49 to 36.51% (Figure 5d ). In contrast, the output flux was greater than the input flux during the dry season. This induced release effects for TN and NO 3 -N, with values of at least −192.56 and −198.29%, respectively. For NH 4 -N, the characteristics of the retention effect varied more dramatically, with retention rates ranging from −242.22 to 58.17%, while the retention flux varied from 0.42 to 1.48 t. 
Influential Factors Affecting Nitrogen Retention at Multiple Time Scales
Nitrogen retention and the removal efficiency were highly variable in response to many influential factors, the impact of which differed dramatically and caused different retention effects for TN, NO3-N, and NH4-N at annual, monthly and daily scales.
As shown in Table 2 , at the annual scale, the reservoir inflow was significantly correlated with TN and NO3-N retention flux and retention rates (p < 0.05), while it was not related to NH4-N. There are significant (p < 0.01) relationships between the regulated discharge difference and the retention flux and rates of TN, NO3-N, and NH4-N. Statistically significant (p < 0.01) negative relationships were obtained between flow velocity and the retention rate of TN, NO3-N, and NH4-N (correlation coefficients of −0.729, −0.668, and −0.654, respectively).
As with the annual scale, the monthly inflow and regulated discharge difference were dramatically related to the retention flux of nitrogen (Table 2) , resulting in greater nitrogen retention in the wet season than in the dry season. Temperature was also significantly related to the retention flux of TN, NO3-N, and NH4-N (p < 0.01), with correlation coefficients of 0.937, 0.950, and 0.735, respectively. This showed that there is seasonal variation of nitrogen retention, with a greater retention effect in summer than in winter. Furthermore, both the hydraulic residence time and velocity showed significant (p < 0.01) negative relationships with the retention flux of TN and NO3-N, while there was no relationship with NH4-N. 
Nitrogen retention and the removal efficiency were highly variable in response to many influential factors, the impact of which differed dramatically and caused different retention effects for TN, NO 3 -N, and NH 4 -N at annual, monthly and daily scales.
As shown in Table 2 , at the annual scale, the reservoir inflow was significantly correlated with TN and NO 3 -N retention flux and retention rates (p < 0.05), while it was not related to NH 4 -N. There are significant (p < 0.01) relationships between the regulated discharge difference and the retention flux and rates of TN, NO 3 -N, and NH 4 -N. Statistically significant (p < 0.01) negative relationships were obtained between flow velocity and the retention rate of TN, NO 3 -N, and NH 4 -N (correlation coefficients of −0.729, −0.668, and −0.654, respectively).
As with the annual scale, the monthly inflow and regulated discharge difference were dramatically related to the retention flux of nitrogen (Table 2) , resulting in greater nitrogen retention in the wet season than in the dry season. Temperature was also significantly related to the retention flux of TN, NO 3 -N, and NH 4 -N (p < 0.01), with correlation coefficients of 0.937, 0.950, and 0.735, respectively. This showed that there is seasonal variation of nitrogen retention, with a greater retention effect in summer than in winter. Furthermore, both the hydraulic residence time and velocity showed significant (p < 0.01) negative relationships with the retention flux of TN and NO 3 -N, while there was no relationship with NH 4 -N.
In the case of daily dispatch, inflow runoff, regulated discharge difference, velocity, temperature, and water level were significantly correlated with the retention flux and rates of TN, NO 3 -N, and NH 4 -N (p < 0.01). However, the hydraulic residence time was only closely related to retention rate (p < 0.01), not with retention flux. In the case of non-dispatch, inflow and discharge differences had little effect on the retention flux and rates of TN, NO 3 -N, and NH 4 -N. Hydrodynamic factors such as residence time, flow velocity, and water level still had notable effects, especially on the retention rate, and the relation coefficients were higher than those of the dispatching period. Nevertheless, the relative influence of water temperature decreased and no longer influenced the retention effect of NH 4 -N, while the correlations of TN and NO 3 -N were still remarkable. Table 2 . Correlations between influential factors and nitrogen retention at annual, monthly and daily scales. 
Discussion
Comparison of Different Forms of Nitrogen Retention Effects
Nitrate is the main form of total nitrogen in Shanmei Reservoir and presents characteristics of retention similar to those of TN at different time scales, while NH 4 -N is more unstable and its retention effects are more different.
Based on 20 years of statistics, it is concluded that the reservoir mostly played the role of a sink at the annual scale, retaining different forms of nitrogen in the reservoir. Over the year, the nitrogen retention differed with the hydrological seasons. For TN and NO 3 -N, during the wet season (April-October), the reservoir played the role of a nitrogen sink with nitrogen retention, while during the dry season (November-March), it acted as a source with nitrogen release. The observed seasonal fluctuation in nitrogen retention confirmed the conclusions of earlier research [30] [31] [32] .
In quantitative terms, denitrification dependent on temperature is considered the main mechanism of nitrate retention in waters [31, 33] . Generally, temperate-zone denitrification is observed above 5 • C, being optimal in the range 25-30 • C [31] . The low DO observed in summer (warm) water may stimulate denitrification and reduce the nitrate mass, thus increasing the contribution of nitrogen retention. Furthermore, the high retention rate noted in August also pointed to the phenomena caused by biochemical processes connected with temperature and the growth of organisms, as well as the sedimentation of matter originating during spring and early summer [31] . In addition, the rise of water level in the flood season was also conducive to the sedimentation and interception of organic nitrogen [12, 34] , which retains more nutrients than in the dry season. From November to March in the next year, due to the effects of aquatic plant assimilation and water flow dilution, the output nitrogen concentration was always lower than the input concentration. For TN and NO 3 -N, the influence of the regulated discharge difference exceeded that of the reduction of concentration in discharged water, causing the nitrogen flux transported downstream to increase. This conclusion is in good agreement with previous studies [10] who showed that there was typically a release of TN during low-flow conditions. NH 4 -N is the form of nitrogen preferred as a nutrient by most aquatic plant species, and some loss of nitrogen may occur via plant uptake. It is also prone to nitrification, which also results in concentration reduction [33, 35] . Thus, much more NH 4 -N was removed in the Shanmei Reservoir and the retention effect lasted for eight months, from May to December. In the early stage of the dry season (November and December), the effect of the decrease in the NH 4 -N concentration exceeded that of the increase of outflow, resulting in less output than input. The release effect occurred from winter to spring (January to April). This is mainly due to the gradual rise of the temperature, which accelerates the growth of the plants and decreases the DO concentration, weakening nitrification. Then, the outflow concentration of NH 4 -N began to exceed the inflow concentration, resulting in the release effect. Furthermore, the NH 4 -N regeneration at the reservoir bottom (sediment-water interface) in winter and spring is an important process supplying nitrogen to the overlying water [36] . The upward resuspension of NH 4 -N from the benthic loading results in the nitrogen release effect [37, 38] .
Influence of Reservoir Regulation on Nitrogen Retention
Reservoir regulation changes the characteristics of certain parts of the water body from "river" to "lake", altering the annual and seasonal fluctuations of the streamflow, velocity, water level and residence time of the water [5, 39] . In the relationship analysis shown in this paper, the regulated discharge difference was the most significant factor, with extremely significant correlation at annual, monthly and daily scales with dispatch. Velocity showed the closest relationship, while the relative degrees of influence of residence time and water level on the nitrogen retention varied from irrelevance to partial correlation, then to extremely significant correlation at annual, monthly and daily scale. In hydrological phenomena, the characteristics of hydrological processes may differ greatly in different periods. The short duration of the daily scale may cause a great deal of randomness relative to longer timescales such as yearly and monthly scale. Comprehensive effects of daily hydrological processes and reservoir regulation will affect the biogeochemical cycling of nutrients in reservoirs and lead to complex changes of nitrogen retention in the reservoir [40] . Therefore, some factors have little influence on the annual scale, while they have a significant influence on the daily scale.
Many studies have suggested that years with high inflow had large nitrogen flux and resulted in a mass retention [16, 41] . However, some studies reported that more nitrate was removed in dry years than in an average year [8, 42] . We found that a distinct relationship was present between inflow and the retention flux of TN and NO 3 -N, but not with NH 4 -N. A large amount of NH 4 -N input loading does not necessarily infer high mass-retention in the reservoir. In contrast, there were a distinct relationship between regulated discharge difference and different forms of nitrogen retention. This is mainly because the retention flux was determined by input and output flux, and the influence of the regulated discharge difference should be considered simultaneously. Davi et al. showed that the retention may thus be underestimated, as other streams may contribute to increasing nutrient and solid concentrations in the water [12] . Therefore, the difference in discharge upstream vs downstream could be more important than inflow when analyzing nutrient and sediment retention. However, the regulated discharge difference was not always significantly correlated with nitrogen retention in daily processes. In the case of non-dispatch, when inflow equaled outflow, nitrogen retention was no longer affected by the inflow and the regulated discharge difference, while other hydraulic factors such as velocity, residence time and water level still had notable effects on the nitrogen retention, no matter whether there was dispatch or non-dispatch in the reservoir.
The effect of residence time on nitrogen retention in Shanmei Reservoir was more complex than that of other factors, and the calculated correlation coefficient could be positive or negative with time. On an annual scale, residence time was not related to nitrogen retention flux or retention rate; on a monthly scale, it was negatively correlated with TN and NO 3 -N retention flux, but not with NH 4 -N. On the daily scale, it was positively correlated with TN, NO 3 -N, and NH 4 -N retention rate, and partially correlated with retention flux. There are different opinions regarding the effect of residence time on the nutrient retention effect. The predominant opinion is that nitrogen retention in lakes and reservoirs is directly proportional to hydraulic residence time [3, 43] . A longer residence time allows for more interaction of nitrate-rich water with benthic sediment, which is conducive to denitrification [40] . This causes high levels of nitrogen retention. Nevertheless, some other studies have found that some reservoirs with a short residence time showed a greater capacity to retain nitrogen [44] , especially when they were loaded with substantial amounts of nitrogen [45] . It is concluded that the retention mechanism is not governed completely by residence time. With the comprehensive effect of nitrogen loading, regulated discharge, and some other factors, the nitrogen retention process showed complex characteristics at different time scales.
It is known that the flow velocity and associated turbulence affects the biogeochemical dynamics process, such as the growth rates of benthic algae and the uptake rates of nutrients [46, 47] . Some studies performed on the relationship between flow conditions and denitrification reported that increasing velocity could inhibit denitrification, which is the main mechanism of nitrogen removal [29, 48] . In our research, whether at annual, monthly, or daily scales, with or without dispatch, the flow velocity was always the key factor affecting nitrogen retention in Shanmei Reservoir. The velocity is an important parameter of hydrodynamic conditions: high velocity incurs strong hydraulic disturbance, which is beneficial to the diffusion and degradation of nitrogen and accelerates the vertical movement of nitrogen on its way to the exit of the reservoir [47] . On the other hand, it also hinders the deposition of nitrogen, causing the reduction of nitrogen retention in the reservoir. During the dry season, Shanmei Reservoir shows a discharge state with the greater outflow. The velocity was quite rapid with a mean value of 0.03 m s −1 and a maximum value of 0.056 m s −1 occurring in January (Figure 5b ). This made it easy for nutrients to be carried downstream to the estuary. On the contrary, during the wet season with the state of impoundment, the flow velocity slowed to approximately 0.01 m s −1 , and the lowest value of 0 m s −1 occurred in October. This indicated that the flow tends to be stationary, and the nitrogen is likely to accumulate in the sediments or be retained in the reservoir by plant uptake.
To a certain extent, the water level reflected reservoir operation directly, which rose from April and peaked in October due to flood retention and then dropped from November to March. The water level mainly affects the daily process of nitrogen retention. A high water level with low velocity indicates the impoundment of a reservoir with large inflow, so that there is abundant time for sedimentation and nitrogen retention. Conversely, a low water level with high velocity reflects a discharge state, when the nitrogen release effect occurs in the reservoir.
Nitrogen retention in reservoirs is of great significance to the control of water eutrophication. It can be concluded from this study that the hydrodynamic conditions in the reservoir have a significant impact on nitrogen retention. Reasonable reservoir dispatching measures can be taken to change the hydrological and hydrodynamic conditions, thereby affecting the process of nitrogen migration, transformation and retention in the reservoir. It is considered that, because of the management of reservoirs, the locations of outlet and discharged water volumes will also affect the residence time of the water body and nutrient retention [49] . Reservoirs with power production are mostly discharged from the bottom, with a short water residence time and strong water self-purification ability. These are not conducive to the growth of plankton and algae [50] . Reservoirs with irrigation or drinking source functions discharge from their surface, which provides a long residence time and slight fluctuation of the water level. This is conducive to the growth of algae and accelerates the eutrophication process [51] . Therefore, according to the multiple functions of large reservoirs, further discussion is needed regarding the implementation of reasonable operations to regulate the effect of hydraulic factors on nitrogen nutrient retention in the reservoir area.
Conclusions
An assessment of nitrogen retention effect under reservoir regulation at multiple time scales in Shanmei Reservoir in southeast China has been performed with a coupled modeling system of SWAT and CE-QUAL-W2. It was found that the reservoir switched its roles as a nitrogen sink and source at different time scales. The reservoir acted as a nitrogen sink at the annual scale, with TN, NO 3 -N and NH 4 -N mostly showing a positive retention effect. TN and NO 3 -N exhibited a retention effect during the wet season (April-October) and release effect during the dry season (November-March), while NH 4 -N showed a longer positive retention effect lasting from May to December. The nitrogen retention process fluctuated dramatically at the daily scale, with the retention rate varying from −292.49 to 58.17%.
The relative degree of influence of hydrodynamic factors affected by reservoir regulation on nitrogen retention differed, with the trend having the greatest effect at the daily scale and least at annual scale. The regulated discharge difference was the most significant factor, with extremely significant correlation at annual, monthly and daily scales with dispatch, while it had little effect at daily scales without dispatch. However, residence time, flow velocity and water level had notable effects on the daily nitrogen retention, no matter whether there was dispatch or non-dispatch in the reservoir. Considering the multiple functions of large reservoirs, further investigation is needed regarding the implementation of reasonable operations to regulate the effect of hydrodynamic factors on nitrogen retention in the reservoir.
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